Abstract We present the finalized catalog of solar energetic proton events detected by Wind/EPACT instrument over the period 1996−2016. Onset times, peak times, peak proton intensity and onset-to-peak proton fluence are evaluated for the two available energy channels, at about 25 and 50 MeV. We describe the procedure utilized to identify the proton events and to relate them to their solar origin (in terms of flares and coronal mass ejections). The statistical relationships between the energetic protons and their origin (linear and partial correlation analysis) are reported and discussed in view of earlier findings. Finally, the different trends found in the first eight years of solar cycles 23 and 24 are discussed.
Introduction
Energetic particles originating from eruptive processes at the Sun can escape the solar atmosphere and propagate into the heliosphere along the interplanetary [IP] magnetic field lines. When these field lines connect to a space-borne detector, the particles can be observed in situ. There is a limitation on the number and positioning of space probes capable to detect particles at present. The majority of the current solar dedicated space missions are orbiting L1, in addition to the twin-STEREO mission that have already surpassed the conjunction point. All of them are situated in the ecliptic plane. In summary, in situ observation can be regarded as single-point sampling of the heliosphere.
In addition to solar flares [SFs] and coronal mass ejections [CMEs] solar energetic particles [SEPs] (protons, electrons and heavy ions from keV to GeV range, Klecker et al., 2006; Desai and Giacalone, 2016) contribute to space weather (Schwenn, 2006) . The SEPs can cause various effects on spacecraft and terrestrial systems (Pulkkinen, 2007) and the aim is to minimize the negative influences. Thus timely and reliable SEP-forecasting is of increasing importance for different space weather effects, in addition to the space travel safety of humans and satellite longevity.
One way to approach the SEP topic is from an historical perspective based on observation of numerous events in addition to the theoretical models. Several decades of observations already exist, and multi-spacecraft data is available since about 1996 (start of solar cycle [SC] 23). Several consistent lists of SEP events (only protons, however), are compiled. Below well-known proton catalogs with a focus on lists extending to recent years are described, which does not substitute a complete review on the topic.
The longest proton series covering the period 1976−present is provided by the Geostationary Operational Environmental Satellite [GOES] instrument 1 (Onsager et al., 1996) . The GOES proton list 2 reports proton enhancements >10 MeV when the 10 proton flux units [pfu] 3 threshold level is surpassed. Due to this particular intensity level chosen, when a new SEP event occurs on an already enhanced background (during an ongoing SEP event) it is usually omitted from this list. Since the GOES catalog is intended to serve specific customer needs, the caveats of the list need to be taken into account while using it for scientific purposes.
The SEPServer project (Vainio et al., 2013) produced several proton and electron event lists during 1997−2010. Among them are the 55−80 MeV proton events recorded by the Energetic and Relativistic Nuclei and Electron [ERNE] instrument aboard Solar and Heliospheric Observatory [SOHO] (Torsti et al., 1995) . This catalog was updated on-line 4 to cover the period 1997−2015. A recent summary over the period 1996−2016 is presented by Paassilta et al. (2017) .
In addition, there is the SEPEM 5 event list (1973 ( −2013 , based on re-calibrated GOES data. Two different studies have already utilized continue this line of research by applying the partial correlations on a larger event sample.
Furthermore, with the progress of the current SC24, one is able to test quantitatively the solar event productivity trends. Various catalogs have been utilized for this purpose. The earliest attempts were based on three (Chandra et al., 2013) and reaching up to 5.8 (Mewaldt et al., 2015) and seven-year comparisons, respectively. Other studies focus on larger intensity events (Gopalswamy et al., 2014) .
The aim of our study is to explore the finalized list of proton events from the Energetic Particles Acceleration, Composition, and Transport [EPACT] instrument (von Rosenvinge et al., 1995) aboard the Wind satellite covering over a 20-year period of time. This data was previously used to evaluate the proton counterparts in SC23 based on another particle list by Miteva et al. (2013) . In order to construct a proton event sample based on exploring the data itself and independently on proton identifications using other instruments, all enhancements observed in the Wind/EPACT proton channels are re-examined. We adopted a 3-sigma criterion 9 to identify individual proton enhancements as an intermediate between the 2-sigma (Tylka et al., 2003) and 4-sigma (Krucker et al., 1999) selections. The preliminary on-line version of the proton catalog (1996−2015) was presented by Miteva et al. (2016) at http://www.stil.bas.bg/ SEPcatalog/ and used for the investigation the SC trends of protons . We subsequently re-analyzed complex proton profiles and identified all conspicuous enhancements as new proton injections. The data analysis was extended to include 2016. This finalized proton list was explored for the purpose of comparative analyses with other catalogs over SC23 by . In the present study, the entire proton catalog (1996−2016) is considered and both the standard and newly proposed statistical analysis are applied, namely between the proton peak intensity (and fluence) and the properties of the solar source of the particles, e.g., SFs (intensity, fluence and location) and CMEs (projected speed and angular width [AW] ). Taking advantage of the catalog coverage (1996−2016) , we also complete an eight-year comparative study in SC23 and SC24 of protons and related solar activity phenomena and report the findings as function of event intensity, location and solar cycle.
In Section 2 the data and techniques used in this work are described, separately for the protons, their solar origin, and the criteria for the association. Results are presented and discussed in Section 3 and cover the properties of the proton and proton-related flare/CME sample, the differences in the first eight years from SC23 and SC24, the occurrence probabilities for the protons events and the statistical analysis in terms of linear and partial correlations. The main findings are summarized in Section 4. 
Data and techniques
In this section the proton and solar data used, as well as the analysis performed are described.
Proton data
For this study the Wind/EPACT proton catalog is used, based on omni-directional Wind/EPACT data provided by the CDAWeb 10 database with 92-second time resolution. Two observers visually inspected over 20 years of data (1996 to 2016) , and identified independently all proton enhancements in the two energy ranges available, 19−28 MeV (denoted further as low energy channel, ∼25 MeV) and 28−72 MeV (as high energy channel, ∼50 MeV). Example plots are given in Fig. 1 . The finalized Wind/EPACT proton catalog used in this study contains 429 events in the low energy channel and 397 in the high energy channel in the period 1996−2016.
When compiling the Wind/EPACT catalog we started by manually selecting a pre-event (quiet-time) interval, individually chosen for each case. An averaged value of the proton intensity within this interval is calculated (referred to as background level). A smoothing over five data points is applied over the data due to the large amount of noise present especially for the low intensity proton events that are affected for the most by different instrumental and sampling issues. The uncertainty value for the so-identified time markers (e.g., onset and peak times) is within ±8 min 11 which is sufficient for the objectives of the present study. Then, a routine calculates the onset time of the proton event when the intensity reaches three standard deviations (sigmas) above the background level 12 . The peak proton intensity value (J p ) is read from the smoothed data and the values are reported after subtraction of the pre-event background (namely the amplitude of the proton event is used). Furthermore, the proton intensity is integrated from the so-identified onset time to its peak, termed further onsetto-peak proton fluence (F p ). Contributions from local proton acceleration in the IP space (due to the shock arrival at Earth, termed energetic storm particles, ESPs) are easy to identify and are excluded from the analysis (see the spike-like increase in Fig. 1, upper plots) .
The trajectory of the Wind satellite during the period after its launch is constantly changing 13 , and only after mid-2004 the spacecraft follows an orbit around L1. In order to cross-check the detectability of a SEP event by Wind/EPACT during the period of observations considered in this work (1996− 2016) , we compared the list of proton events identified from Wind and from another spacecraft, either at geostationary orbit (e.g., GOES), or at L1 (e.g., SOHO). Namely, at low energies, the reported GOES proton events at >10 MeV proton flux and the low energy channel from Wind/EPACT ∼25 MeV are compared. The scatter plot is given in Figure 2 , left, and the linear correlation coefficient for the entire sample (127 events with both Wind and GOES enhancements) is 0.83±0.04. Alternatively, the high energy channel ∼50 MeV Wind/EPACT channel is compared with ∼68 MeV SOHO/ERNE proton events from SEPServer and the plot is given in Figure 2 , right (0.85±0.02 for 153 events in common). Different symbols denote data in the two solar cycles
14 , namely open circles are used in SC23 (1996 SC23 ( −2008 and filled circles for SC24 (2009−2016) 
15
. The high correlations of the two samples denote the good proton event correspondence observed by different SEP instruments, despite the Wind satellite motion. A larger scatter is observed for the low energy sample in SC23 11 Since an averaging over 5 data points (which are 92 seconds apart from each other) is performed, the final time resolution of the smoothed data is about 7.7 minutes. 12 Occasionally, due to large background intensity fluctuations, the 3-sigma level requirement cannot be fulfilled and no onset time is provided, thus a notation 'N/A' is used. 13 The Wind orbit can be viewed by the orbit plotting tool provided at http://cdaweb.gsfc. nasa.gov/cgi-bin/gif walk?plot type=wind orbit 14 The correlations in SC23 (1996 SC23 ( −2008 are 0.80±0.05 at low energies (88 events) and 0.83±0.03 at high energies (39 events). These values are consistent with the reported scatterplot results in , based on the preliminary results of Wind/EPACT catalog. The correlations in SC24 (2009 SC24 ( −2016 are 0.83±0.03 (99 events) and 0.88±0.03 (54 events), respectively for low and high energy data samples. 15 Solar cycle 24 is still ongoing, see sunspot data provided by the World Data Center SILSO, Royal Observatory of Belgium, Brussels: http://www.sidc.be/silso/.
Figure 2. Scatter plot between the peak proton intensity from Wind/EPACT ∼25 MeV with GOES >10 MeV (on the left) and Wind/EPACT ∼50 MeV with SEPServer ∼68 MeV events (right). Open circles denote the proton events in SC23 (1996 SC23 ( −2008 and filled circles are for SC24 (2009−2016) . In each case, the correlation coefficients and the uncertainties, given on each plot, are calculated for the entire sample.
(open circles). The GOES proton catalog inaccuracy 16 contributes to the spread, since the scatter is visually less for the Wind high energy channel for the same period (compare the distribution of the open circles in both plots).
The proton events as identified from the Wind/EPACT instrument in two available energy channels and used in this study over the period 1996−2016 are listed in Table 1 . For the low energy channel the peak time and peak intensity is reported by us, whereas for the high energy channel we present the peak intensity only. The associated flares (class, onset time and location) and CMEs (time of first appearance, projected speed and angular width) are also listed in the respective columns. An ASCII version of the table is also available as supplementary material.
The on-line version of the Wind/EPACT proton catalog http://www.newserver. stil.bas.bg/SEPcatalog will be updated for subsequent years if data continues to be provided. An yearly update is planned to be released early in the subsequent year, since the omni-data is not provided in real-time. In Table 1 and also in the web-site, the onset time of the proton event is given as the event date (yyyymm-dd) and time (hh:mm in UT); all other time markers are given in reference to this date. The online catalog is planned to contain more information, namely onset and peak times and peak proton amplitude (and fluence) for the low energy channel as well as the peak proton intensity (and fluence) for the high energy channel. Overview plots are given for each case and can be downloaded. Finally, the properties of the solar origin (flares and CMEs) of the proton events are also listed. . For several cases, we visually identified the helio-location according to the position of hard X-ray brightenings (with about ±10 degrees uncertainty). Only for seven SFs no location could be found.
For the CMEs we report the time of first appearance over the C2-oculting disk of SOHO/LASCO (Brueckner et al., 1995) that together with the projected onsky speed and AW are taken from the CDAW LASCO CME catalog 19 (Yashiro et al., 2004; Gopalswamy et al., 2009) .
In order to allow for comparison with earlier reports, the above flare and CME catalogs are utilized. These databases are common sources that have been used in previous studies when identifying the SEP origin.
A recent study by Richardson, von Rosenvinge, and Cane (2015) investigated the influence of the differently reported CME properties, by different catalogs, on the correlations coefficients with proton intensities. Reports on individual CME speed can differ significantly, however, the correlation analysis shows mostly consistent results. We are not aware whether and by what amount the occasional differences when reporting SXR flare class by different sources 20 will influence the correlation coefficients with the proton intensity.
Solar origin association
The solar origin of the observed in situ protons is usually sought in terms of SFs and CMEs. This is because of the two main particle accelerator mechanisms acting in the solar atmosphere, namely the magnetic reconnection process (the driver of SFs) and shock acceleration (formed when the CME propagates into the IP space). Remote sensing of various emission signatures and theoretical modeling are supporting either scenario. However, the individual contribution of each mechanism to the in situ observed particle fluxes is not quantified at present (Klein and Trottet, 2001; Kahler, 2007; Trottet et al., 2015; Bazilevskaya, 2017) . That has led to year-long debates on the particle origin, with preferences either exclusively towards the CMEs (e.g., Kahler, 1982; Gopalswamy et al., 2008; Cliver, 2016) , or arguing in favor of the flares as a contributing agent (e.g., Cane, McGuire, and von Rosenvinge, 1986; Klein et al., 2008; Klein, Trottet, and Klassen, 2010; Grechnev et al., 2015) and the references therein. Based on the proton rise time, composition, abundances, and related phenomena, several classifications schemes have been proposed, and periodically revised (Reames, 1999; Cliver, 2009; Reames, 2013) . Note that the focus of the majority of the particle studies in the literature is on protons, probably due to the availability of the GOES proton data and list. For electron event analysis fewer statistical studies and event lists with partial coverage are available, see e.g., Krucker et al. (1999) ; Haggerty and Roelof (2002) ; Krucker et al. (2007) ; Vainio et al. (2013) .
In the present study we did not consider impulsive vs. gradual separation of the SEP events as proposed by Reames (1999) that nowadays is considered as oversimplified. Moreover, no attempt was made to identify the proton injection time at the Sun (e.g., Vainio et al., 2013; Kouloumvakos et al., 2015) via the velocity dispersion analysis [VDA] , since the two energy ranges provided by Wind/EPACT are not optimal for this procedure. An alternative way is to perform time shifting analysis [TSA] . The travel time of protons propagating along a nominal Parker Spiral of length 1.2 AU ranges from ∼30 min (∼50 MeV) up to ∼45 min (∼25 MeV). Due to IP density and magnetic field fluctuations, the proton travel time is expected to last longer than the scatter-free travel time. In addition, both procedures (VDA and TSA) entail numerous approximations and simplifications, e.g., simultaneous in time and identical place of injection of low and high energy particles, scatter-free propagation.
For our analysis we decided to follow a set of guidelines. The solar origin identification proposed here is done using timing, intensity and positioning constraints. Namely, the most prominent SF (strongest in flare class) and CME (fastest and widest) within one day prior to the identified proton onset time is initially selected. Additionally, the individual proton profiles are taken into account. If considered necessary, the initial solar origin association is reexamined. For example, an earlier solar origin (and often at eastern helio-longitudes) could be preferred when the proton event rises slowly (of the order of hours). Another indicator for the SEP origin is the proxy for the particle escape from the solar corona in terms of the strongest type III radio burst (observed by the Wind/WAVES instrument). In general, we aim to identify both SF and CME as the particle origin, where possible. Nevertheless, for 62 proton events (about 14% of the event list here) no solar origin (neither SF, nor CME) could be allocated due to multiple SF/CME choices or a high degree of uncertainty.
Despite the care taken during the solar source identification procedure, subjectivity in the analysis cannot be eliminated. Since no temporal constraints during the solar origin identification process are implied by us, one quarter of the associated solar flares occur more than 5 hours before the proton onset, 14% of the flares start more than 10 hours earlier and 5% more than 20 hours before the respective proton onset (with no clear longitudinal dependence for the latter two samples). Thus the latter two cases are subject to larger uncertainty but are finally kept in our analysis. The mean/median difference between the flare and proton onsets is 4.6/2.3 hours, respectively.
Special attention in our work is given on the longitudinal dependence of the protons and their solar origin (flare−CME pair). The location of the solar flare is adopted by the reported AR longitude and latitude. For the same SEP event, the flare AR is considered also as the origin of the CME (since the location of the flare-AR and the direction of propagation of the CME are in the same solar disk quadrant). However, for 75 CMEs no SF counterpart could be found (e.g., behind the limb SFs, multiple candidates/uncertain cases.). In order to recover the longitudinal information for these cases, the CME projected direction of propagation is used. The latter is given by the measurement position angle [MPA] 21 , reported by the LASCO CME catalog. Namely, when the CME is ejected in eastern direction, MPA ranges from 0 to 180 degrees, whereas the western direction of propagation is for angles between 181 and 360. Based on these values, the CME sample is also divided in helio-longitude. Thus, when the proton origin location is considered we use the combined information obtained by both solar eruptive phenomena, SF and CME.
Results and Discussion
In this Section the main outcomes from the Wind/EPACT catalog (as presented in Sect. 2.1) are presented, organized in several topics. Firstly, the overall behavior of the proton samples at low and high energies is shown, followed by their solar origin: flares and CMEs. In each subsection the intensity (from the weakest to strongest events) and the longitudinal trends (differences due to eastern to western positioning of the solar source) are described. Finally, the trends in the first eight years from each SC in terms of percentage changes and probabilities of occurrences for the protons in specific SF and CME ranges are investigated.
Properties of Wind/EPACT proton events

Proton intensity
For the needs of the analysis, the protons in the low energy channel are binned into several representative intensity ranges, divided roughly by an order of magnitude, namely:
where J p is in (cm 2 s sr MeV) −1 . For the high energy channel the same terminology is used, however the values were divided by 10 since the proton intensities for the high energy channel are lower. The exact numbers in each sub-category are summarized in Table 2 . There, the mean/median values of the entire sample of protons are listed, separately for the proton sample with origin located at the west and east (in different columns). In addition, we present the mean/median values and their number for both proton energy channels and for the proton intensity sub-categories as introduced above (in different rows of the Table) . The high energy protons have a lower mean/median intensity by roughly one order of magnitude in all sub-categories, compared to the low energy sample. The proton intensity of the entire sample ('All' in Table 2 ) is similar to the value obtained for the most abundant sub-category (i.e., for the weak proton events).
The distribution of the events over the years (1996−2016) is presented in Fig. 3 using 6 -month binning. The SC trend can be readily recognized. Since the difference in the number of low and high energy proton events is about 10%, the distributions are visually very similar. Each bin is filled with proton events of different intensity (shown with different colors/contours) and the entire distribution is the sum of all colored sections. From the stacked histograms one can see that the weak ('w') in intensity protons are the most abundant samples at both energies, see also Table 2 .
The following color-code is adopted for the subsequent plots. The entire distribution is shown in light-gray color and it serves as the background histogram, for comparative purposes. Any other samples of interest are overlapped and given in different colors or contours. The low energy protons (J 25 MeV ) are given on the left, whereas the high energy protons (J 50 MeV ) are organized in the right column of plots. The mean and median values for each proton sample are shown on each plot. The division of the proton sample into W/E longitude is according to the AR of the proton-producing SF and CME measurements of the MPA.
In Fig The W-origin proton sample contains more events with highest (e.g., extreme and major) intensity (i.e., ∼21%, 59/283) compared to the E sample (i.e., ∼12%, 10/84, respectively), evidenced also by their mean/median values, see Table 2 and Fig. 4 (upper plots) . This is true also for the high energy protons. When the entire proton distributions in SC23 ′ and SC24 ′ (Fig. 4 , lower plots) are compared, however, there is no clear difference in the proton intensity, since the distributions mostly overlap.
The mean/median values of the different proton sub-categories as function of W/E location and SC are given in more details in Table 3 . The entire sample of proton events (see 'All/All events') has similar mean/median values in each SC 22 . There is a difference for the larger intensity protons (denoted by 'e' and 'ma'), namely the mean/median values in SC23 ′ are larger than the respective values in SC24 ′ , which is more evident for J 25 MeV . When the longitude is considered, there is a difference only for the extreme ('e') proton category (at low and high energy), where the E-sample has a larger intensity compared to the W-sample (note however the very low sampling of the E events). The trend is noticed in both SCs.
In Fig. 5 the distributions of proton events as a function of the proton rise times (onset-to-peak, given in hours) is shown. As expected the high energy protons (plots on the right) have lower mean/median values of the rise time compared to low-energy (left-sided plots), however the difference is small since both energy channels are relatively close in energy. The trend confirms the wellknown observation that high energy particles arrive first and thus tend to reach peak values sooner than the low energy particles. Considering the longitudinal trends, we obtain that the rise of the Wind/EPACT proton events with identified E-origin takes nearly twice as long, compared to the W-events. The result confirms the well-known longitude dependence of the increase of the proton intensity observed in situ. No significant differences can be found between the SC23 ′ to SC24 ′ proton samples in terms of rise time.
Proton fluence
The proton intensity integrated from the onset to peak time, e.g., proton fluence, F p in (cm 2 sr MeV) −1 , is also evaluated for 361 low energy protons and for 318 high energy protons. For several cases, despite the evaluation of onset and peak time, no fluence could be computed due to occasional data gaps during the proton rise time. The values for each proton event are planned to appear only in the online catalog. In Table 4 are summarized the mean/median values of the proton fluence for the low (F 25 MeV ) and high (F 50 MeV ) energy channel for the values of the entire sample ('All events'), and also for the proton intensity sub-samples with origin in west and east. We obtain that the values for the E-proton fluence are larger than the values for the W-sample for all proton intensity categories. The W-sample is similar to the mean/median values of the entire population, since the W-events constitute about 70% of the proton sample. The distributions of F 25 MeV and F 50 MeV with respect to the solar origin longitude and the SC occurrence are presented in Fig. 6 . In either case, a more symmetrical distribution is obtained, compared to the proton intensity.
In the upper panels of Fig. 6 are shown the E-to-W trends. The larger onsetto-peak fluence F 25 MeV with origin in the east compared to the respective values of the W-fluence is noticeable as the E-distribution peak is shifted towards larger fluence values. Since the fluence is intensity integration over a duration of the rise time, one could explain the observed results as follows. The eastern J 25 MeV is only slightly lower than the western one (in terms of mean/median values for the entire sample), however the proton rise time nearly doubled for the Esample. Thus, the combination of the two parameters (peak intensity and rise time) leads to a larger fluence for the E-proton sample. This is not the case for the high energy channel, however, where the mean/median fluence values are similar (Table 4) . Although the proton rise time is also doubled for the Esample, the eastern J 50 MeV is much lower (about half), which reflects the lack of significant difference for F 50 MeV between the E and W samples. With respect to the SC (Fig. 6 , lower plots), no clear difference in fluences in SC24 ′ compared to SC23 ′ is obtained, for both energy channels, for the entire proton sample (i.e., no preference with location). The exact mean/median values for the proton fluence in the different proton sub-categories are summarized in Table 3 (last two sections, entitled F 25 MeV and F 50 MeV ). In specific proton categories there are occasional differences, when E and W samples in either SC are compared, however the trends cannot be generalized easily. This outcome could be partly due to the lower sampling of the E-events and lack of statistical significance.
Properties of the SEP solar origin
In this Subsection the properties of the SEP-associated solar origin, SFs and CMEs are given. The properties of the samples of all observed SFs and CMEs (1996−2015) were already examined in . The presented here samples of SEP-producing SFs and CMEs are only a small sub-sample of the entire SF and CME populations, respectively (∼1−2%). We could associate a SF to 292 proton events and a CME to 342 events.
The SFs are naturally classified by their peak intensity in SXR GOES 1−8 A channel (known as flare class 23 ), whereas the CME sample is divided by us into several categories in speed (in km s −1 ) and AW (in degrees), as given below: • slow (s): V CME < 500
• intermediate (i): 500 ≤ V CME < 1000
The mean/median values and the number of SFs and CMEs related to the entire population of proton events and for W and E-location are summarized in Table 5 . Slightly larger values in SXR flare class are obtained for the E compared to W-samples of SFs (for entire sample and also for the sub-categories of X, M and C-class). For the CME speed, however, no clear longitudinal trends are obtained, only the narrow CMEs tend to be slightly faster when originating from the west.
Considering the first eight years of each SC, the mean/median values for a given SF and CME intensity range are given in Table 6 . Here several general dependencies are outlined. Slightly larger mean/median values are noticed in Xand C-class flares in relation to All proton events in SC23 ′ compared to SC24 ′ (M-class is an exception). This trend is the same for the W-flares with respect to SC. The E-flares however show slightly higher values for All and C-class samples in SC24 ′ . In general, no clear CME speed difference is observed when comparing subsamples in the two SCs with the exception of the extreme CME group that tends to be faster in SC23
′ . In view of the AW, the overall trend is that the halo CMEs (All, W, E events) are also slightly faster in SC23
′ , compared to SC24 ′ . The temporal distributions of SEP-producing flares (on the left) and CMEs (right) are given in Fig. 7 , where the flare class/CME speed is given in colorcode. The majority of the SEP-productive flares are of M-class (∼51%, 148/292, see also Fig. 8) , with fewer C (∼26%, 77/292) and X-class flares (∼23%, 67/292) related to in situ proton events. For the CMEs, the fast CMEs (∼46%, 158/342) form the most numerous group giving rise to a proton event. For both SEPsolar origins, the effect of strength vs. appearance is able to explain the results. Namely, weak flares (C-class) and slow CMEs (of the order of the solar wind speed) are not expected to be efficient particle accelerators, thus their number as SEP-producing origin is not very high. In contrast the X-flares and very fast (and halo) CMEs are expected to efficiently energize particles, however they do not occur often 24 . The exact number of events in each sub-category is given in the respective Table 5 and 6.
The detailed distribution of several properties of the proton-producing flares are shown in Fig. 8 (namely flare class and rise time) and 9 (flare longitude and latitude). Again for comparison, the distribution of the entire flare sample is presented in light-gray color, on the background. We found that the histograms for low and high energy Wind/EPACT protons to be similar, thus only the flares related to the low energy proton sample are further presented.
The distribution of E-flares is slightly shifted to larger flare class values (Fig. 8,  left) , also confirmed by the mean/median values: M3.8/M4.0 for E-flares, compared to M2.7 for W-flares, respectively. In terms of flare rise times (Fig. 8, right) , the distribution is fairly flat for E-flare sample with similar mean/median values with respect to longitude. When the flare sample is split into events occurring during SC23 and SC24 (and independent on location, Fig. 8 , lower plots), the differences in flare class are not clearly identifiable, however slightly longer rise times are obtained in SC24
′ (e.g., 36/25 min for the mean/median flare rise time compared to 26/18 min, respectively). The distribution of the longitude and latitude of the SEP-producing flares is shown in Fig. 9 . With respect to the longitude (plots on the left), the flare sample is divided into northern [N] and southern [S] latitude and into flare samples occurring in SC23
′ and SC24 ′ . The flares originating at the northern solar hemisphere have a longitudinal distribution with mean/median values at W27/W33, Figure 10 . Distributions of Wind/EPACT proton related CME speed and angular width. For visibility purpose, the bin of halo CMEs is omitted, however the mean/median values are calculated using the entire sample. Color code as in Fig. 4. whereas the southern flare sample is shifted westward to W33/W46. With respect to SC, the events in the SC23
′ have a distribution that has mean/median values at W33/W43, whereas for the ongoing SC, the value is shifted eastward and flattens at around W30.
The latitudinal distribution (Fig. 9 , right plots) is shown for E-to-W and SC behavior. Overall, the distribution is double peaked, centered at about S20 and N20 helio-latitudes, respectively. The entire sample (irrespective of flare intensity, shown by light-gray color on the plots) has mean/median values that are in the northern hemisphere (N1/N5), with nearly the same values (N1/N6) for the western sample, shown in dark color, and slightly lower for the eastern sample (N2/N3) shown in contours. When calculated over the first eight years of each SC but now irrespective on the longitude, the mean/median values range from N1/N2 (for SC23 ′ in dark color) to N1/N9 (for SC24 ′ in contour). Since earlier studies have reported S-to-N trend with the SC (Chandra et al., 2013) , we investigated why for the entire Wind/EPACT proton-related flare sample no such clear southern trend in SC23 ′ is seen. Our analysis showed that when only proton events of larger intensity are considered, the S-to-N trend becomes more evident: namely when the large (or/and extreme) proton sample is selected, the related flare sample in SC23 ′ has median value at southern longitudes, namely at S3 (S4), respectively.
Finally, we present the distributions of proton-producing CMEs, namely the number of CMEs vs. their speed and AW, shown in Fig. 10 . For each case, the samples for W/E origin CME-events and SC23 ′ /SC24 ′ are shown. There is no difference for the entire sample in mean/median speed neither when longitude sub-samples are considered, nor with respect to SC. For the AW, to optimize the presentation on the plots, the CMEs without the halo events are given, however the calculation of the mean/median values as shown on the plots considers the entire sample. There is no clear difference in AW with respect to longitude (upper plot). However, with respect to the SC, the AW for the CME sample in SC23 ′ peaks at 240 degree, whereas in the ongoing SC, the CMEs are exclusively wider (the median values denotes halo CMEs), and the distributions are visually different. For the entire sample, ∼58% (197/342) are halo CMEs, whereas the fraction of halo-CMEs in SC23
′ is ∼45% (85/188) compared to ∼72% (87/121) in SC24
′ . This finding confirms earlier results for a larger fraction of halo-CMEs in the ongoing SC (Gopalswamy, 2012) . Note that the number of halo-CME events is nearly the same, however the entire CME sample in the ongoing SC is less which increases the halo-CME fraction.
In addition, we evaluated the linear correlations between the flare class (I X )/ fluence (F X ) and the CME speed (V C )/AW. When considering the entire protonrelated solar origin sample, larger correlation coefficients are obtained for r FXVC = 0.47 ± 0.06 compared to r IXVC = 0.37 ± 0.06. The respective correlations with the AW are slightly lower compared to V C , namely r FXAW = 0.43 ± 0.05 and significantly lower for r IXAW = 0.29 ± 0.05. The longitudinal dependence for the entire sample shows a slight increase of all coefficients only for the eastern located solar origin. When we compare the correlations of the proton origin sample in SC23
′ and SC24 ′ (irrespective on longitude trends), a slight increase in the number of the correlations during the ongoing SC are obtained. Nevertheless, most of the differences of the correlation coefficients are within the uncertainty ranges.
Percentage change in SC24 compared to SC23
Our results confirm that the number of protons in the ongoing SC24 is less than in the previous SC23. In order to present quantitatively the change observed in SC24 compared to SC23 the percentage change is used. It is defined as the ratio of the difference between the event number in SC24 and SC23 to the event number in SC23. The negative/positive values denote the decreasing/increasing trend in SC24 compared to the same period in SC23. In Tables 3 and 6 are listed all values of the percentage change, calculated for the entire samples (protons, flares and CMEs) and separately for the W and E sub-samples.
There is a decrease for low and high energy protons (as a whole) by about 40% in the ongoing SC, that is roughly the same for the events of intensity J 25 MeV < 10, within the uncertainties (see Table 3 , last column). The drop is largest (60−65%) for the extreme proton events and smallest (∼25%) for the weak proton events. The results are reminiscent to the obtained values for the western origin protons (where the drop of weak events is less, ∼20%). For the eastern events, due to the small number of events, the trends are not easy to interpret due to the large uncertainties. Occasionally, an increase of protons in the SC24 is obtained for specific proton sub-categories, however the error bars are too large to be conclusive.
For completeness we calculated the probability of occurrence based on the number of events that led to the evaluation of the proton fluence. As expected, the results are similar to those based on the proton intensity, since the event samples are nearly the same.
In a similar way, the percentage change for SEP-producing flares and CMEs is calculated (see Table 6 , last column), that also are fewer in numbers during the first eight years of SC24, compared to the same period in SC23. The entire flare sample decreases nearly in half (47 ± 7 % less) whereas the entire CME sample drops by about 36 ± 8 %. The X-class flares decrease by about 60%, whereas on the west this sample decreases by about 70% (the eastern X-class flares are too few). The C/M-class flares drop from about 45% for the entire sample to about 30−40% when occurring on the west, respectively.
For the CMEs, we obtain no change in the SC for the halo CMEs with some positive trend for the eastern halos (however, with very large uncertainty). The non-halo CMEs show a larger drop for the eastern CMEs (about 60%) compared to all/western (about 50%) and even larger drops are obtained for the narrow CMEs (90% for the western sample). Results for the different CME speed categories are summarized in Table 6 . Note that larger uncertainties are obtained for the CME subsamples with origin on the east.
Occurrence probabilities
We calculated the occurrence probabilities (in %) and the results are summarized in Table 7 . The probabilities are calculated as the ratio of SEP-producing solar samples (e.g., number of flares and CMEs adopted from the Wind/EPACT catalog, respectively) to the entire solar event sample (adopted from flare and CME catalogs). Subsequently, the solar event sample is divided according to specific criteria (i.e., speed and AW for the CMEs and for the flares there are sub-categories for C, M, X-class).
When considering the entire sample of flares and CMEs, we obtain only about 1% probability to produce a particle event. This is due to the large number of solar eruptive events observed remotely, compared to the SEPs observed in situ near Earth. The probability rises very slowly with increase of flare class and CME speed.
The largest values for the occurrence probabilities are reached for the largest flares (X-class in SXR intensity) and CMEs (extreme in speed, namely ≥2000 km s −1 , Table 7 , last column). Namely, X-class flares have about 39% probability to be followed by a proton event observed in situ (only 7% for M-class), and the extreme CMEs have about 50%. The probability for the halo-CME sample (irrespective on speed) to produce protons ahead of Earth is slightly below 30%, whereas for the non-halo CME sample it is only a few percent.
In general no differences in occurrence are obtained for protons with respect to the SC (comparing columns 2 and 3 from Table 7 ), due to the simultaneous decline in number of the proton-producing and the entire samples of both SFs and CMEs, in the respective time periods. The only exception for a statistically significant difference is obtained for the fast CME sample occurring in SC24, when the occurrence probability shows an increasing trend (31 ± 3) compared to the value in SC23 (21 ± 2). For the flares there is no SC dependence within the uncertainty ranges. 
Statistical analysis
In this subsection we complete the statistical analysis between the properties of the protons from one side and the SFs and CMEs, from another. Namely, the linear and partial correlation coefficients (log 10 −log 10 values) are calculated between the relevant parameters of the protons (J p and F p ) and the parameters of the particle origin (SF class, onset-to-peak flare fluence, CME speed and AW). All results are summarized in the Appendix (Tables 8−11) for the low and high proton energy and for the proton intensity and fluence, respectively.
Linear correlation analysis
A well-explored method in SEP studies used for deducing the solar origin influence is by calculating Pearson correlations (log or linear). In the present work, several samples are considered. The entire proton sample with their associated origin (denoted with 'All events' in the respective tables) over the entire period of interest is the most numerous sample. In addition this sample is divided according to the helio-location of the proton related SFs and CMEs into W and E samples. The correlation coefficients of these three samples are shown in the last column in Tables 8−11 (for the entire period). For the purpose of our work, we selected the proton sample over SC23 ′ (col. 2) and SC24 ′ (col. 3, respectively) and in addition specified sub-samples in W vs. E. All calculations are done for the low and high energy protons.
The bootstrapping procedure of Wall and Jenkins (2003) is used for evaluating all uncertainty of the linear correlation coefficients, in the same way as discussed in Miteva et al. (2013) . Namely, from the original sample we randomly select events (allowing the same event to be chosen more than once) and compile 1000 alternative samples with their respective linear correlations. The final uncertainty on all linear correlation coefficients reported throughout this work is the standard deviation based on the respective 1000 correlation coefficients.
Overall, for the entire sample and the entire period, the largest correlations are those between the proton peak intensity and the CME speed, followed by those with the SXR flare class/fluence, and the lowest are with AW. The W-subsample has the same correlations within the uncertainties as for the entire sample. In contrast, the E-subsamples show increasing values for the correlations, namely between J p − I X , J p − V C and F p − I X , F p − V C , compared to the ones using the entire sample, with the exception of E-value for J p − F X when a decreasing trend is obtained. The latter trends are more pronounced for the eastern sub-samples during SC23
′ , whereas in SC24 ′ there are no correlations obtained with the F X and very low with AW.
The entire proton sample with its enriched statistics (∼250−340 data points and uncertainty of the order of 0.05) has correlations around 0.4 with the flare (similar to Gopalswamy et al., 2003) and 0.5 with the CME speed and 0.3 with the AW. These values are lower than the 0.6 value obtained with both flares/CMEs in SC23 by Cane, Richardson, and von Rosenvinge (2010) ; Miteva et al. (2013) and with the CMEs (partial analysis in SC23) by Gopalswamy et al. (2003) . Even larger values (0.7) between protons and CME speed are reported by Kahler (2001) and protons with flare class (0.5) in an earlier study by Kahler (1982) . Energy trends in the correlations have been shown by Dierckxsens et al. (2015) , and for the 25-to-50 MeV protons they report correlations of about 0.6 with the flare class and 0.54-to-0.46 with the CME speed. Only the latter correlation value is confirmed also by our current analysis, although log-values are used.
Similarities are also found with the recent study by Papaioannou et al. (2016) that reports linear correlations of 0.51 between 30 MeV protons and CME speed and 0.43 when considering 60 MeV protons. The correlations with the solar flare class however are about 0.47 for both energy channels (note that Papaioannou et al. (2016) uses the same data as Dierckxsens et al., 2015) . For the 30 MeV proton fluence and the flare class Papaioannou et al. (2016) reports the slightly lower values of 0.42, whereas with the flare fluence the correlation rises to 0.49. These results are at the upper limit of the respective results obtained by us.
Partial correlation analysis
An earlier study by Trottet et al. (2015) utilized for the first time the partial correlation in SEP studies and showed that SF onset-to-peak fluence (F X ) is to be considered in correlation analysis instead of the usually utilized flare class (I X ).
In this study we consider the first order partial correlation coefficients. Namely, when the partial correlations between proton (J p or F p ) and flare (I X or F X ) parameters are calculated, from the correlations is excluded the influence either of V C or AW. Alternatively, when the correlation with the CME speed and AW is performed, the influence of I X or F X is excluded. The generalized expression reads as r xy.z = (r xy − r xz r yz )/((1 − r 2 xz )(1 − r 2 yz )) 0.5 , where the influence of z (control variable) is excluded from the correlation between x and y. In our study the variable x is J p or F p , whereas y and z are I X , F X , V C , or AW, respectively.
We calculated the partial correlation coefficients for the entire proton sample and also for the W and E sub-samples. In addition, the entire period of observation, SC23
′ and SC24 ′ , is considered. The uncertainty range for each partial correlation is calculated by the propagation of uncertainty method using the formula given above. All results are summarized in the Appendix (Tables 8−11 ). The correlation analysis using more control variables (namely second, third and higher order partial correlations) is, however, beyond the scope of the present study.
In general, lower values for the partial coefficients over the entire sample are obtained compared to the linear coefficients. When excluding the influence of V C , it is found that r JpIX.VC ∼ 0.2 with a higher value for r JpFX.VC ∼ 0.3. Thus we confirm the earlier results by Trottet et al. (2015) based on a smaller event sample. Alternatively, the partial correlation of r JpVC.IX is ∼0.25, but increases to ∼0.35 when the control variable is F X (the differences are not statistically significant, however). Similar results, within the uncertainty ranges, are obtained when performing the correlation with the AW. A slight increase is noticed only for the latter values in the E-sample, however it is not statistically significant. The results are valid both for the low and high energy protons (see Tables 8 and  9 in the Appendix).
The results for the respective partial correlations in SC23 ′ are statistically similar to those for the entire sample. In SC24 ′ a slight increase in the correlations is obtained, however within very large uncertainty ranges due to small event samples. Namely, the sub-samples with W and E origin in SC23 and SC24 contain very small number events and thus no statistical significant difference is obtained (due to the large error bars), especially when the individual SC is considered. Nevertheless, there is a tendency of increased correlations between the protons and V C /AW to above 0.4 (E-sample in SC23
′ and W-sample in SC24 ′ ), when the effect of F X is excluded. The same value is obtained for the partial correlation with the F X when using AW as a control parameter. The Eastern sample in SC24 presents a striking exception with its very low partial correlation coefficients (occasionally, the uncertainty could not be evaluated and is regarded as uncertain by us). The above trends are similar for the low and high energy proton samples, and also when we utilize particle fluence (see Tables 10 and 11 in the Appendix).
Despite the large uncertainty ranges, the partial correlation analysis shows a link between the protons and F X even after excluding the underlying influence of the CME speed and especially AW (since there is a moderate liner correlation found between the CME and flare parameters, see Section 3.2). Other flare parameters, e.g., based on hard X-ray, radio or newly suggested by theoretical models could be potentially explored, compared to the usually utilized flare class, I X , which turns out to be influenced by the CME.
Finally, we have to point out that during correlation studies a rather crude approximation scheme is adopted, namely by selecting a single, 'representative' value of protons, flares and CMEs (e.g., peak values in intensity or speed) in order to describe a particle acceleration and propagation process that is expected to be time-, energy-and location-dependent.
Conclusion
In this study we present the overall characteristics of the proton events from the finalized Wind/EPACT catalog as well as the properties of the flares/CMEs associated to these protons. All comparisons between the first eight years of solar cycles 23 and 24 are presented for the first time here. Below the main outcomes of our work are summarized, focusing on general results from the correlation analysis and the obtained longitudinal and solar cycle trends.
Wind/EPACT proton events
Energy trend The 25 and 50 MeV energy channel samples contain similar number of events, 429 and 397, respectively. The respective mean/median values of the associated solar origin samples (in terms of flare class and CME speed) are nearly the same for the two energy channels. Intensity trend The peak intensity of the higher energy channel (J 50 MeV ) is about one order of magnitude lower compared to the lower energy channel (J 25 MeV ). Nearly half of the entire proton population consists of minor and weak in intensity events (i.e., J 25 MeV < 0.01 and J 50 MeV < 0.001, respectively). Solar origin location trend From the entire proton sample, 32% (136/429) could not be associated to solar flares, 20% (87/429) could not be associated to CMEs and 14% (61/429) could not be related to either of the solar origin. Considering the combined information from the flare-AR and CME-MPA, 66% (283/429) protons of western and 20% (84/429) of eastern directivity are obtained. The results are similar when using the high energy proton sample. This finding is consistent with earlier SEP studies. Solar cycle trend The entire sample of (high and low energy) protons shows a decrease of about 40% in occurrence in the ongoing SC24, based on 8 years of comparison. Similar percentage is obtained for minor and intermediate in intensity protons. The largest in intensity protons are much less (to about 60−65%). This trend is similar (within uncertainties) for the western origin protons, whereas for the eastern protons there are occasional differences in some of the J p -categories, however not statistically significant. In comparison, Mewaldt et al. (2015) reported 23% of decrease of 10 MeV protons based on 5.8 year solar cycle-comparison, which is similar to ∼22% drop of GOES protons reported by Gopalswamy (2012) based on 4.5 years, whereas Chandra et al. (2013) (their Table 3 ) presents only ∼9% drop of the SEPs (sum of major, minor and weak but also associated to type II radio bursts), during the first 3 years. Occurrence probabilities of protons With the increase of the flare class and CME speed, larger probability of occurrence for ∼25 and ∼50 MeV protons is obtained. The trends are consistent with the results presented by Dierckxsens et al. (2015) , using data over the entire SC23 and different sub-division in flare class and CME speed. With respect to the SC, however, no difference is noticed in the probability of proton occurrence for the majority of the flare class or CME speed range, within the uncertainty.
SEP origin: flares
Intensity trend M-class flares are the most abundant flare class producing proton events (51% of the entire proton sample), followed by C-class (26%) and X-class (23%). Longitudinal trend Proton-related flares originating at eastern location have slightly larger flare class compared to the western flares. There is no longitudinal difference with respect to the flare rise time. Latitudinal trend The flares at the northern hemisphere are positioned slightly to the disk center compared to the southern flares. Solar cycle trend Slightly larger flare class is observed in SC23, compared to SC24 for all flares (confirming earlier tendencies reported by Chandra et al., 2013) . Flare rise time is slightly longer in SC24 ′ . There is a slight tendency in SC23
′ for flares to occur to the west compared to those in SC24 ′ . The latitudinal trend with SC, as discussed by earlier works, e.g., Chandra et al. (2013) and references therein, appears only for the large intensity proton sample (southern shift for SC23 ′ and vice versa).
SEP origin: CMEs
Projected speed and width trends The fast and intermediate CMEs are the most numerous sub-category (46% and 39%, respectively). The halo CMEs (irrespective of speed) constitute 58% from the proton-producing CME sample. Longitudinal trend No clear velocity and angular width trends is observed for the entire distribution of proton-producing CMEs propagating to the east or to the west. Solar cycle trend There are more halo CMEs in SC24 ′ (as shown also by Gopalswamy, 2012; Chandra et al., 2013, both based on the rise phases of both solar cycles). Slightly faster speeds are obtained for the extreme and halo CMEs.
Correlation analysis
In this work the linear and partial correlation coefficients are calculated. We used log 10 J p (log 10 F p ) from one side and log 10 I X (log 10 F X ) or log 10 V C (log 10 AW), from another. Several general trends in the correlation analysis are described below. The exceptions and statistical significance of the results are given in the respective tables in the Appendix.
Linear correlations The correlations of the F p are slightly higher than the respective ones of the J p confirming earlier results (Trottet et al., 2015; Papaioannou et al., 2016) . The correlation coefficients with the CME speed are in general higher compared with SF class/fluence, but mostly not statistically significant. There is an increase in the correlations with CME speed for the E-sample in SC23 ′ .
Partial correlations The partial correlations are lower than the linear as overall values, as shown for the first time by Trottet et al. (2015) based on smaller event sample. The results show that the relationship with CME speed is of the order of 0.25/0.35 after removing the contribution of the flare class/fluence, respectively, whereas the relationship with SF class is of the order of 0.2 after removing the CME influence. When using the flare fluence, instead of class, correlations of about 0.3 are obtained. The respective correlations with AW are 0.2/0.3, depending on the control parameter used, flare class/fluence, respectively. Slight increase for the correlations over the E-sample is noticed, whereas the results for the W-sample are similar to those for the entire sample. Increase is observed in SC24 ′ , for some of the partial correlations.
Future prospects
The cataloging of solar events is expected to cover the entire solar cycle 24. Subsequently, a comparison between the entire in length solar cycles can be performed that will allow to deduce the final occurrence trends of solar eruptive events. The small event size of SEP events is one of the reasons for the large uncertainties on the correlations between the particles and the respective solar origin thus larger particle samples are desirable. The utilized here partial correlations are based on the exclusion of one out of many solar parameters. The use of multiple control variables can be the research topic of future detailed analysis. In addition to the linear and partial correlations, other statistical methods could be employed to disentangle the inter-correlations between the particles and the other solar phenomena. For example, principal component analysis, cluster analysis, etc., can be potentially implemented. In addition to the academic applications, large data samples (SEP, flare, CME data) are employed in different models for building, testing and validating the performance of forecasting methods. Empirical models are based on such long series of data and their performance is trained on an actually observed set of events. Forecasting and theoretical modeling need to comply with observations, which requires a detailed analysis and compilation of event lists. Table 8 .: Table of log−log correlation coefficients between low energy proton intensity J 25 MeV and flare/CME properties. The number of events used for specific calculation is given in brackets. u -uncertain. Table 9 .: Table of log−log correlation coefficients between the high energy proton intensity J 50 MeV and flare/CME properties. The number of events used for specific calculation is given in brackets. u -uncertain. Table 10 .: Table of log−log correlation coefficients between the low energy proton fluence F 25 MeV and flare/CME properties. The number of events used for specific calculation is given in brackets. u -uncertain. Table 11 .: Table of log−log correlation coefficients between the high energy proton fluence F 50 MeV and flare/CME properties. The number of events used for specific calculation is given in brackets. u -uncertain. 
